Introduction
============

Osteosarcoma is the most common primary malignant bone tumor with a similar incidence worldwide. It is highly aggressive and with early metastasis ([@b1-ijo-51-04-1115],[@b2-ijo-51-04-1115]). Osteosarcoma occurs mainly among children and adolescents with low 5-year survival rate, high amputation rate and poor postoperative function recovery ([@b3-ijo-51-04-1115]). Osteosarcoma is a major death-causing disease in adolescence due to its rapid progression and poor prognosis ([@b4-ijo-51-04-1115]). The poor prognosis of osteosarcoma is partially due to the lack of a better molecular biomarker to detect it at early tumor stage. Therefore, it is necessary for us to further understand the underlying molecular mechanisms and find a useful biomarker of osteosarcoma to predict prognosis. Currently, there are no effective target drugs for treating osteosarcoma. Although chemotherapy largely improves the 5-year survival rate and life quality of osteosarcoma patients ([@b5-ijo-51-04-1115]), intrinsic or acquired chemoresistance greatly impede further response to treatment ([@b6-ijo-51-04-1115]). Similar to other tumors, osteosarcoma is a complicated disease with multi-genetic variations ([@b7-ijo-51-04-1115]). Systemic studies on gene regulation network are essential for further understanding how osteosarcoma initiates and develops. It is urgent to develop effective targeted therapies to treat this disease. Hence, finding novel diagnostic biomarkers and therapeutic strategies to improve the prognosis of osteosarcoma is necessary.

Non-coding RNAs (ncRNAs) are divided based on their size into three groups: long non-coding RNAs (lncRNAs), which are longer than 200 base pairs; small ncRNAs, also knowns as microRNAs (miRNAs), which are usually 18--25 nucleotides in length; circular RNAs (circRNAs), which are small covalently closed circular loop structures with either 5′ to 3′ polarity or polyadenylation at the 3′ ends ([@b8-ijo-51-04-1115]). The well-known and well-studied miRNAs are important post-transcriptional regulators involved in various biological processes ([@b9-ijo-51-04-1115],[@b10-ijo-51-04-1115]). MicroRNAs regulate gene expression by inhibition of translation or destabilization of mRNA transcript through base pairing to the 3′-UTR regions of mRNAs ([@b11-ijo-51-04-1115]). Although thousands of lncRNAs have been identified in the past decade, only a small number have been functionally characterized. However, emerging data demonstrate lncRNAs constitute a major part of human transcriptome and involve in various critical biological processes ([@b12-ijo-51-04-1115]--[@b15-ijo-51-04-1115]). Accumulating evidence has shown that both lncRNAs and microRNAs participate in the regulation of cell proliferation and apoptosis, and play key roles in tumori genesis and progression ([@b16-ijo-51-04-1115],[@b17-ijo-51-04-1115]).

Taurine upregulated gene 1 (TUG1), a 7.1-kb lncRNA, was firstly identified as a transcript upregulated in response to taurine treatment, which affects mouse retinal development ([@b18-ijo-51-04-1115]). TUG1 was found to be upregulated in various human tumors, such as osteosarcoma, breast cancer, urothelial carcinoma and esophageal squamous cell carcinoma ([@b19-ijo-51-04-1115]--[@b22-ijo-51-04-1115]). Accumulating evidence has verified that TUG1 expression was increased in osteosarcoma tissues and correlates with poor prognosis and disease status in osteosarcoma ([@b21-ijo-51-04-1115],[@b23-ijo-51-04-1115]--[@b26-ijo-51-04-1115]). Experiment *in vitro* indicated TUG1 inhibition strongly impaired proliferation of osteosarcoma cells and promoted apoptosis ([@b21-ijo-51-04-1115],[@b27-ijo-51-04-1115]). Another ncRNA, miR-144-3p was shown to be downregulated in osteosarcoma ([@b28-ijo-51-04-1115]). However, how and by which mechanism lncRNA TUG1 and miR-144-3p regulate osteosarcoma initiation and development is still poorly understood.

In this study, we aimed to elucidate the correlation between TUG1 and miR-144-3p expression in osteosarcoma and investigated their downstream targets. Our finding will provide new insights into the molecular function of TUG1 in osteosarcoma and find new biomarkers for osteosarcoma diagnosis and prognosis.

Materials and methods
=====================

Human osteosarcoma tissue collection
------------------------------------

All the osteosarcoma and adjacent normal tissues were surgically resected from patients in the Sixth People\'s Hospital Affiliated to Shanghai Jiao Tong University with informed consent from 2010 to 2012. All specimens were confirmed by clinical, radiographic, and histological examination for osteosarcoma, and were not subjected to radiotherapy, chemotherapy, and blood transfusion therapy before the operation. All the clinical information was collected including sex, age, tumor size, tumor position, tumor stage, and initial metastasis. The present study was approved by the Research Ethics Committee of Shanghai Jiao Tong University Affiliated Sixth People\'s Hospital. All specimens were handled and made anonymous according to the ethical and legal standards.

Cell culture
------------

Human normal osteoblast HFOB1.19 cells and osteosarcoma cell lines MG63, U2OS, HOS and Saos-2 were obtained from the Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). HFOB1.19 cells were cultured in F12 containing 10% fetal bovine serum (FBS). The HOS cell line was maintained in Eagle\'s minimum essential medium (MEM), and all other cell lines were cultured in RPMI-1640 medium containing 10% FBS. All the cell culture medium and FBS were purchased from Gibco, Invitrogen Corp. (Grand Island, NY, USA). The cell lines were incubated at 37°C in a 5% CO~2~ incubator.

Vector constructs
-----------------

For shRNA-mediated TUG1 silencing, DNA oligonucleotides targeting TUG1 was inserted into a lentiviral pLKO.1 plasmid. DNA sequences were mainly obtained from Sigma MISSION shRNA library. For the overexpression of EZH2, the open reading frame of the EZH2 gene was amplified and cloned into a lentiviral pCDH vector.

Lentivirus production and transfection
--------------------------------------

pCDH-EZH2 or pLKO.1-shTUG1 was co-transfected with the packaging plasmid psPAX2 and the envelop plasmid pMD2.G into HEK-293FT cells using Calcium phosphate transfection. Virus particles were harvested 48 h after transfection. MG63 and U2OS cells were infected with lentivirus particles plus 4 g/ml Polybrene (Sigma).

RNA extraction and q-PCR
------------------------

Total RNA was extracted using TRIzol reagent (Invitrogen). RNA (1 *μ*g) was reversely transcribed into cDNA with M-MLV Reverse Transcriptase (Promega, Madison, WI, USA). q-PCR was performed with SYBR Premix Ex Taq (Takara) on ABI 7500 fast real-time PCR system (Applied Biosystems). GAPDH mRNA was used as an endogenous control for mRNA.

Luciferase reporter assay
-------------------------

The luciferase assays were carried out using the Dual-luciferase Reporter Assay System (Promega). Briefly, cells were co-transfected with miR-144-3p mimics or miR-control and pMIR-reporter luciferase vector containing a specific sequence of wild-type or mutant TUG1 or EZH2 fragment, using Lipofectamine 2000 (Invitrogen). Cells were collected and lysed for luciferase detection 48 h after transfection. The relative luciferase activity was normalized against to the *Renilla* luciferase activity.

To test Wnt signaling, osteosarcoma cell lines were co-transfected with either the Wnt signaling reporter TOPFlash or the negative control FOPFlash plasmids (Upstate Biotechnology), together with *Renilla* plasmid. The cells were infected with TUG1 shRNA or EZH2 overexpression lentiviruses. The data are presented as normalized TOPFlash/FOPFlash values. After 48 h, the luciferase activities were measured by Dual-luciferase Reporter Assay System (Promega).

RNA-binding protein immunoprecipitation and RNA pull-down assay
---------------------------------------------------------------

RIP and RNA pull-down assay were performed as described by Lei *et al* ([@b29-ijo-51-04-1115]).

Western blot analysis
---------------------

The cells were suspended and lysed in RIPA buffer (Beyotime, Beijing, China) supplemented with protease inhibitor cocktail (Sigma). Protein extractions were separated by SDS-PAGE and transfected to a PVDF membrane (Millipore). The membrane was blocked with 5% (w/v) reagent-grade nonfat milk (Cell Signaling Technology) and incubated with primary antibodies at 4°C overnight followed by secondary antibody incubation. The protein bands were visualized using Clarity™ Western ECL substrate (Bio-Rad). The protein level was quantified using ImageJ software normalized with GAPDH.

Wound healing assays
--------------------

Wound healing assays were performed to detect cell migration. MG63 and U2OS cells were seeded in 6-well plates and allowed to reach confluence. An artificial wound was made using a 200 *μ*l pipette tip across the cell monolayer. Cells were rinsed with PBS and cultured in the medium. Wound closure was detected at 0, 24 and 48 h, and imaging performed under a microscope.

Transwell migration assays
--------------------------

Transwell migration assays were performed according to the manufacturer\'s protocol (BD Biosciences). Briefly, transfected cells in serum-free medium were added to the top chamber and incubated at 37°C in a humidified incubator containing 5% CO~2~. Cells that migrated into the lower chamber were stained with 10% crystal violet (Sigma) and quantitated by counting in five different areas under a light microscope.

Statistical analysis
--------------------

All data are presented as the mean ± SD and derived from at least three independent experiments. Statistical analysis was performed by SPSS 18.0 software (SPSS, Chicago, IL, USA) and GraphPad Prism software (GraphPad Software, Inc., San Diego, CA, USA). For all comparisons, differences were considered significant at P\<0.05.

Results
=======

lnRNAs-TUG1 is upregulated in osteosarcoma and correlated with disease status
-----------------------------------------------------------------------------

To identify the function of TUG1 in osteosarcoma, TUG1 expression in cancerous and adjacent normal tissues from 25 patients with osteosarcoma in different stages was detected using qPCR. The results showed that TUG1 levels were significantly higher in cancer tissues than normal tissues (P\<0.0001) ([Fig. 1A](#f1-ijo-51-04-1115){ref-type="fig"}). In addition, higher TUG1 expression showed a strong correlation with osteosarcoma metastasis ([Fig. 1B](#f1-ijo-51-04-1115){ref-type="fig"}) and was associated with the late stage of osteosarcoma ([Fig. 1C](#f1-ijo-51-04-1115){ref-type="fig"}). TUG1 also showed a higher expression level in different osteosarcoma cell lines compared to the normal cells ([Fig. 1D](#f1-ijo-51-04-1115){ref-type="fig"}).

miR-144-3p is regulated by TUG1 in osteosarcoma cells
-----------------------------------------------------

Growing evidence documented that TUG1 works competing with endogenous (ce)RNAs by serving as sponges that bind and sequester miRNAs ([@b30-ijo-51-04-1115],[@b31-ijo-51-04-1115]). As a putative combining target of TUG1 ([Fig. 2E](#f2-ijo-51-04-1115){ref-type="fig"}, upper panel), miR-144-3p is downregulated in osteosarcoma and has been associated with the progress of this disease ([@b32-ijo-51-04-1115],[@b33-ijo-51-04-1115]). To verify whether TUG1 functions through regulating miR-144-3p, miR-144-3p expression in osteosarcoma tissues and cell lines were determined. As shown in [Fig. 2A--C](#f2-ijo-51-04-1115){ref-type="fig"}, miR-144-3p was downregulated in tumor tissues and cell lines, and showed a negative correlation with TUG1 expression (rs= −0.8683, P\<0.0001). TUG1 knockdown using TUG1 shRNA in MG63 and U2OS cells significantly increased miR-144-3p expression ([Fig. 2D](#f2-ijo-51-04-1115){ref-type="fig"}).

Dual luciferase reporter assay, RNA-binding protein immuno precipitation (RIP) and applied biotin-avidin pull-down system were performed to explore whether TUG1-mediated miR-144-3p expression through function as a ceRNA. As shown in [Fig. 2E](#f2-ijo-51-04-1115){ref-type="fig"}, co-transfection of pMIR-TUG1 wild-type and miR-144-3p mimics greatly reduced the luciferase activity compared with TUG1-wt+miR-144-3p NC group, whereas mutation of the miR-144-3p-binding site within TUG1 abrogated the inhibitory effect of miR-144-3p mimics on reporter gene expression. Results from RIP assay showed that TUG1 was detected in Ago2 immunoprecipitates from the control group, but was drastically reduced in Ago2 complexes purified from cells treated with miR-144-3p inhibitor ([Fig. 2F](#f2-ijo-51-04-1115){ref-type="fig"}), indicating that TUG1 is likely in the miR-144-3p RISC complex. Results from RNA pull-down showed that TUG1 was pulled down by miR-144-3p, while miR-144-3p-Mut with mutated binding site of TUG1 failed to pull-down TUG1 ([Fig. 2G](#f2-ijo-51-04-1115){ref-type="fig"}), indicating that the recognition of miR-144-3p to TUG1 is in a sequence-specific manner. Together, our findings confirmed miR-144-3p is regulated by TUG1 in osteosarcoma cells through direct binding.

EZH2, a target of miR-144-3p, is positively regulated by TUG1 in osteosarcoma
-----------------------------------------------------------------------------

After the confirmation that TUG1 could regulate miR-144-3p in osteosarcoma cells, we proposed TUG1 may exert their function through regulating miR-144-3p target genes by functioning as a ceRNA. To address this, three bioinformatic databases (TargetScan, Miranda and PicTar) were employed to predict the potential target genes of miR-144-3p. Targets that were predicted in all databases and with PicTar score \>2.40 are listed in [Table I](#tI-ijo-51-04-1115){ref-type="table"}. Among these, EZH2 was selected as a target gene owing to its high expression and promoting effect on tumorigenesis and cancer progression in osteosarcoma ([@b34-ijo-51-04-1115]--[@b37-ijo-51-04-1115]). By comparing tumor and normal tissues, we found EZH2 expression level was higher in osteosarcoma tissues ([Fig. 3A](#f3-ijo-51-04-1115){ref-type="fig"}), and showed a negative correlation with miR-144-3p level ([Fig. 3B](#f3-ijo-51-04-1115){ref-type="fig"}) but positively associated with TUG1 expression ([Fig. 3C](#f3-ijo-51-04-1115){ref-type="fig"}). Additionally, bioinformatics analysis revealed that in the 3′UTR region of EZH2 contains a binding site for miR-144-3p ([Fig. 3D](#f3-ijo-51-04-1115){ref-type="fig"}, upper panel). Results from dual luciferase reporter assay showed that co-transfection of mature miR-144-3p and EZH2-wt significantly limited the luciferase activity in both MG63 and U2OS cells, which was abated by transfection of TUG1 overexpression ([Fig. 2E](#f2-ijo-51-04-1115){ref-type="fig"}, lower panel). Furthermore, miR-144-3p mimics markedly reduced EZH2 protein expression, which was reversed by TUG1 overexpression ([Fig. 3E](#f3-ijo-51-04-1115){ref-type="fig"}). Moreover, shRNA-mediated TUG1 knockdown significantly represses EZH2 expression, which could be reversed by miR-144-3p inhibitor ([Fig. 3F](#f3-ijo-51-04-1115){ref-type="fig"}). These data collectively demonstrated EZH2 is a target of miR-144-3p and is positively regulated by TUG1.

TUG1-miR-144-3p-EZH2 axis is critical for osteosarcoma cell migration
---------------------------------------------------------------------

We determined whether the TUG1-miR-144-3p-EZH2 axis is involved in regulating osteosarcoma migration. We found TUG1 knockdown or miR-144-3p overexpression significantly repressed the migration of osteosarcoma cell line determined by both transwell and wound healing assay ([Fig. 4A and C](#f4-ijo-51-04-1115){ref-type="fig"}). The quantitative results are also shown in [Fig. 4B and D](#f4-ijo-51-04-1115){ref-type="fig"}. This migration inhibition could be rescued by miR-144-3p inhibitor or EZH2 overexpression ([Fig. 4A--D](#f4-ijo-51-04-1115){ref-type="fig"}). These data together provided a critical role of the TUG1-miR-144-3p-EZH2 axis in regulating osteosarcoma cell migration.

TUG1-miR-144-3p-EZH2 axis is critical for osteosarcoma cell epithelial-mesenchymal transition (EMT)
---------------------------------------------------------------------------------------------------

We next investigated whether TUG1-miR-144-3p-EZH2 axis is involved in osteosarcoma EMT. We found TUG1 knockdown or miR-144-3p overexpression significantly reduced osteosarcoma cell EMT, which could be reversed upon EZH2 overexpression or transfection of miR-144-3p inhibitor ([Fig. 5A](#f5-ijo-51-04-1115){ref-type="fig"}). TUG1 knockdown or miR-144-3p overexpression largely up regulated the protein level of epithelial marker E-cadherin, while decreased mesenchymal markers N-cadherin and vimentin expression, which were reversed upon EZH2 overexpression or miR-144-3p inhibition ([Fig. 5B and C](#f5-ijo-51-04-1115){ref-type="fig"}).

Wnt/β-catenin pathway is regulated by TUG1 through EZH2 and contributes to osteosarcoma tumorigenesis
-----------------------------------------------------------------------------------------------------

We then investigated by which mechanism TUG1 regulates osteosarcoma progression. Surprisingly, TUG1 knockdown inactivated Wnt/β-catenin pathway indicated by the reduced nuclear β-catenin protein level ([Fig. 6A](#f6-ijo-51-04-1115){ref-type="fig"}). The TUG1-mediated inactivation of Wnt/β-catenin pathway could be reversed by EZH2 overexpression ([Fig. 6A](#f6-ijo-51-04-1115){ref-type="fig"}), suggesting that TUG1 promoted Wnt/β-catenin pathway activation through EZH2. This TUG1-EZH2 mediated Wnt/β-catenin pathway activation was also confirmed by TOPFlash luciferase reporter assay ([Fig. 6B](#f6-ijo-51-04-1115){ref-type="fig"}). We then treated the osteosarcoma cells with Wnt/β-catenin activator LiCl upon TUG1 knockdown. LiCl reversed the repressive cell migration and EMT caused by TUG1 knockdown ([Fig. 6C--E](#f6-ijo-51-04-1115){ref-type="fig"}). Based on the above results, TUG1 promotes osteosarcoma progression by Wnt/β-catenin pathway activation via upregulating EZH2.

Discussion
==========

lncRNAs are a diverse set of RNA transcripts more than 200 nucleotides, but contain no substantial open reading frame, possessing no potential protein-coding capacity ([@b38-ijo-51-04-1115]). lncRNAs are essential regulators at epigenetic, transcriptional, and post-transcriptional levels. Increasing studies have revealed that lncRNAs are expressed in a tissue-specific manner and play fundamental roles in the pathological processes related to tumorigenesis, angiogenesis, invasion, and metastasis ([@b39-ijo-51-04-1115]). These properties make them valid candidates as diagnostic or prognostic cancer biomarkers. Osteosarcoma is the most common primary malignant bone tumor in adolescents ([@b40-ijo-51-04-1115]). The high degree of malignancy makes the 5-year survival rate to decrease to approximately 20% for patients with metastasis ([@b41-ijo-51-04-1115],[@b42-ijo-51-04-1115]). The majority of patients eventually died from complications related to pulmonary metastases. Previous studies have demonstrated that lncRNAs are key regulators in the initiation, development, and progression of osteosarcoma ([@b43-ijo-51-04-1115]--[@b45-ijo-51-04-1115]). However, the molecular mechanisms are still poorly understood. Moreover, powerful biomarkers to diagnose and predict osteosarcoma are strongly needed. The data presented in our study give a better understanding of how lncRNA-TUG1 regulates osteosarcoma metastasis and provide some potential biomarkers.

In this study, we revealed that lncRNA-TUG1 was up regulated in both osteosarcoma tissues and cell lines. The higher lncRNA-TUG1 expression was significantly correlated with metastasis and clinical stage. However, due to the difficulty of sample collection, the sample size of this study is relatively small, which is a limitation of our study. Fortunately, some other large sample research also verified that TUG1 expression was increased in osteosarcoma tissues and correlates with poor prognosis and disease status in osteosarcoma ([@b21-ijo-51-04-1115],[@b23-ijo-51-04-1115]--[@b26-ijo-51-04-1115]). Taken together, TUG1 may be a potential biomarker for osteosarcoma diagnosis, prognosis and stage classification.

Several studies have shown that lncRNA can influence post-transcriptional regulation by interfering with microRNAs through molecular sponge effect so as to silence miRNA expression and biological functions ([@b46-ijo-51-04-1115]). These lncRNAs contain miRNA responsive elements (MRE), function as miRNA sponges to downregulated miRNAs, thus reducing the miRNA-induced repression of their target mRNAs ([@b47-ijo-51-04-1115]). TUG1 has been shown to contribute to human osteosarcoma tumorigenesis by sponging miR-9-5p and regulating POU2F1 expression ([@b10-ijo-51-04-1115]). It also functions as a miR-26a sponge in human glioma cells ([@b48-ijo-51-04-1115]). TUG1 also targets miR-144/145 in bladder cancer and gastric cancer ([@b48-ijo-51-04-1115],[@b49-ijo-51-04-1115]). To further clarify the underlying mechanism, we found that lncRNA-TUG1 could directly bind to the miR-144-3p and downregulate miR-144-3p expression in osteosarcoma cells. miR-144 was previously shown to be a tumor suppressor in osteosarcoma cells. Our results confirmed miR-144-3p was downregulated in osteosarcoma tissues. Moreover, the expression of miR-144-3p and TUG1 was negatively correlated. Specific shRNA-mediated TUG1 knockdown resulted in the upregulation of miR-144-3p.

By systemic analysis, we found miR-144-3p functioned by directly targeting EZH2, which was upregulated in osteosarcoma cells and showed a positive correlation with TUG1 expression. miR-144-3p mimics increased EZH2 expression at both mRNA and protein level. Furthermore, EZH2 overexpression enhanced migration and EMT of osteosarcoma even upon TUG1 knockdown, which confirmed TUG1 promoted tumor progression through EZH2. Consistent with our results, EZH2 was shown to promote osteosarcoma cell metastasis in several studies ([@b37-ijo-51-04-1115],[@b38-ijo-51-04-1115],[@b50-ijo-51-04-1115]).

EZH2 is the catalytic subunits of polycomb repressive complex 2 (PRC2), acting as an H3K27me3 methyltransferase, leading to epigenetic silencing of target genes, mainly tumor suppressor genes ([@b51-ijo-51-04-1115],[@b52-ijo-51-04-1115]). EZH2 has been proven to promote cell metastasis and malignancy ([@b53-ijo-51-04-1115]--[@b56-ijo-51-04-1115]). However, the downstream events involving EZH2 and osteosarcoma progression remains unclear. As a methyltransferase, EZH2 mainly functions in the nucleus, however, recent research revealed that EZH2 has been detected in the cytoplasm and implicated in the migration of cancer cells ([@b54-ijo-51-04-1115],[@b57-ijo-51-04-1115],[@b58-ijo-51-04-1115]). In our study, we found EZH2 enhanced osteosarcoma migration by activation of Wnt/β-catenin pathway. It seems that EZH2 has other functions rather than as a methyltransferase functions in the nucleus. We proposed it would be of great interest to further check whether EZH2 affects tumor suppressor gene or EMT gene expression through the change of epigenetic modification in osteosarcoma cells.

In summary, we demonstrated that TUG1 and EZH2 were increased in osteosarcoma while miR-144-3p was down regulated. Our study further identified TUG1-miR-144-3p-EZH2 axis is critical for osteosarcoma cell migration and EMT by activating Wnt/β-catenin pathway. Hence, we elucidated the underlying mechanism and confirmed the role of TUG1 in osteosarcoma progression. Further studies need to be carried out to verify whether there are more TUG1 target genes and to determine how EZH2 affects osteosarcoma. Our study indicates TUG1 and EZH2 may be potential biomarkers for osteosarcoma diagnosis that need to be further developed.

![lncRNA-TUG1 is upregulated in osteosarcoma and correlated with disease status. (A) TUG1 expression levels were determined by RT-qPCR in osteosarcoma tissues and adjacent normal tissues (n=25, P\<0.0001). (B) The relative TUG1 expressions were analyzed in metastatic and non-metastatic osteosarcoma cells (n=25, P\<0.0001). (C) TUG1 expression in different stages of osteosarcoma (n=25, P\<0.0001). (D) RT-qPCR was conducted to quantify the expression of TUG1 in osteosarcoma cell lines compared with the normal cells. GAPDH gene was used as the endogenous control for mRNA. Error bars indicate s.d. ^\*\*^P\<0.01, Student\'s t-test.](IJO-51-04-1115-g00){#f1-ijo-51-04-1115}

![miR-144-3p is regulated by TUG1 in osteosarcoma cells. (A) The expression of miR-144-3p was analyzed in osteosarcoma tissues compared with adjacent normal tissues by RT-qPCR (n=25, P\<0.0001). (B) miR-144-3p expression levels were determined by RT-qPCR in osteosarcoma cell lines. (C) The correlation between TUG1 and miR-144-3p expression was determined in osteosarcoma tissues. (D) miR-144-3p was upregulated when TUG1 was knocked down. (E) Sequence alignment of miR-144-3p and TUG1 (in red). miR-144-3p reduced the activity of the luciferase reporter with the specific sequence of TUG1 but not with the mutant sequence. (F) Amount of TUG1 bound to Ago2 or IgG measured by RT-qPCR after RIP, IgG was used as a negative control and SNRNP70 was used as a positive control. (G) U2OS cells were transfected with biotinylated WT miR-144-3p (miR-144-3p-Bio) or biotinylated mutant miR-144-3p (miR-144-3p-Mut-Bio) or biotinylated NC (NC-Bio). Forty-eight hours after transfection, cells were collected for biotin-based pull-down assay. TUG1 expression levels were analyzed by RT-qPCR. Error bars indicate s.d. ^\*^P\<0.05, ^\*\*^P\<0.01, Student\'s t-test.](IJO-51-04-1115-g01){#f2-ijo-51-04-1115}

![EZH2, a target of miR-144-3p, is positively regulated by TUG1 in osteosarcoma. (A) The EZH2 expression level was analyzed in osteosarcoma tissues compared with normal tissues (n=25, P\<0.0001). (B and C) The expression correlation between EZH2 and miR-144-3p or TUG1 was analyzed. EZH2 expression was negatively correlated with miR-144-3p (B), but positively correlated with TUG1 (C). (D) miR-144-3p reduced the activity of the luciferase reporter with EZH2 wild-type 3′-UTR but not with the mutant 3′-UTR. Sequence alignment of miR-144-3p and EZH2 was shown. (E) miR-144-3p over expression reduced EZH2 expression. TUG1 overexpression reversed miR-144-3p-induced EZH2 repression. (F) TUG1 knockdown decreased EZH2 expression, which was reversed by the miR-144-3p inhibitor. Error bars indicate s.d. ^\*\*^P\<0.01, Student\'s t-test.](IJO-51-04-1115-g02){#f3-ijo-51-04-1115}

![TUG1-miR-144-3p-EZH2 axis is critical for osteosarcoma cell migration. (A) Osteosarcoma cell migration was determined by Transwell assay. TUG1 knockdown or miR-144-3p overexpression inhibited osteosarcoma cell migration, while EZH2 overexpression or miR-144-3p inhibitor reversed the above inhibition. (B) Quantification of cell migration is shown. (C) Wound healing assay was performed to analyze cell migration. TUG1 knockdown or miR-144-3p overexpression inhibited osteosarcoma cell migration, while EZH2 overexpression or miR-144-3p inhibitor reversed the above inhibition. (D) Quantification of cell migration is shown. Error bars indicate s.d. ^\*\*^P\<0.01, Student\'s t-test.](IJO-51-04-1115-g03){#f4-ijo-51-04-1115}

![TUG1-miR-144-3p-EZH2 axis is critical for osteosarcoma cell epithelial-mesenchymal transition (EMT). (A) TUG1 knockdown or miR-144-3p overexpression inhibited epithelial-mesenchymal transitions for osteosarcoma cells, while EZH2 overexpression or miR-144-3p inhibitor reversed the above inhibition. (B) TUG1 knockdown or miR-144-3p overexpression upregulated the protein level of epithelial marker E-cadherin, while decreased mesenchymal markers N-cadherin and vimentin expression, which was reversed by EZH2 overexpression or miR-144-3p inhibitor. (C) The protein quantification results are shown. Error bars indicate s.d. ^\*\*^P\<0.01, Student\'s t-test.](IJO-51-04-1115-g04){#f5-ijo-51-04-1115}

![Wnt/β-catenin pathway is regulated by TUG1 through EZH2 and contributes to osteosarcoma tumorigenesis. (A) TUG1 knockdown reduced nuclear β-catenin level, which was restored by EZH2 overexpression. (B) TUG1 knockdown inhibited Wnt/β-catenin pathway activation measured by TOPFlash luciferase reporter assay. EZH2 overexpression re-activated Wnt/β-catenin pathway. (C-E) TUG1 knockdown reduced osteosarcoma cell migration and EMT, which was reversed by LiCl, an activator of Wnt/β-catenin pathway. Error bars indicate s.d. ^\*\*^P\<0.01, Student\'s t-test.](IJO-51-04-1115-g05){#f6-ijo-51-04-1115}

###### 

Putative target genes of miR-144-3p predicted by TargetScan, Miranda and PicTar with PicTar score \>2.40.

  Putative target   PicTar score   Putative target   PicTar score   Putative target   PicTar score
  ----------------- -------------- ----------------- -------------- ----------------- --------------
  ARID1A            9.44           SHANK2            4.39           ACBD3             3.10
  GLTSCR1           8.06           BACH2             4.33           ATP2B1            3.05
  SORCS3            8.01           TRIO              4.27           USP38             3.04
  RARB              7.99           ALS2              4.24           ANKRD17           3.03
  FBN2              7.89           TJP1              4.23           ATP2B2            3.02
  MAP3K4            7.67           RBM12             4.23           ZFX               3.00
  UBE2D1            7.10           PDE4D             4.18           GSPT1             2.92
  MYCN              7.03           STAG1             4.10           ATP2B1            2.92
  QKI               7.01           ANK2              4.03           SEMA6A            2.87
  NFE2L2            6.82           IDH2              3.82           KCNH7             2.86
  MARK1             6.55           FBXO32            3.75           LHX2              2.86
  ADAMTSL3          6.53           PDE7B             3.75           CAV2              2.86
  ABCA1             6.32           NGFRAP1           3.61           TFAP4             2.84
  ELL2              6.25           STARD8            3.60           CDH2              2.83
  MSI1              6.06           CDYL              3.59           PPFIA1            2.81
  ZFHX4             6.05           STC1              3.57           MYB               2.80
  DCBLD2            5.98           ST18              3.54           SLITRK4           2.78
  SOCS5             5.95           C6orf62           3.51           GDF10             2.78
  RIN2              5.84           GOLGA4            3.50           PAX3              2.78
  RNF111            5.82           WTAP              3.49           STAT6             2.69
  SLC12A2           5.39           SUCLA2            3.48           MITF              2.68
  SS18              5.37           CXorf23           3.47           MYO1E             2.66
  APPBP2            5.35           ZNF638            3.42           VKORC1L1          2.64
  AEBP2             5.33           ICK               3.41           PABPN1            2.64
  MEIS2             5.25           HSF2              3.41           ZDHHC17           2.64
  DLG5              5.24           AHCY              3.40           PTHLH             2.62
  APP               5.21           USP47             3.39           CCNK              2.57
  MBNL1             5.12           EZH2              3.38           ITSN2             2.53
  HDGFRP3           5.09           ARRDC3            3.37           CPEB1             2.52
  CCNT2             5.06           SEMA6D            3.37           PPP2R2A           2.51
  ATP1B1            5.00           PHF3              3.35           NID2              2.51
  PURA              4.90           STRN3             3.32           EMP1              2.47
  KIF2A             4.58           SENP7             3.31           DUSP1             2.46
  PDE4A             4.58           HAT1              3.29           BTBD3             2.43
  FLRT3             4.47           CPEB2             3.27           MBNL2             2.43
  UBE2D2            4.42           ACSL4             3.23           CDH5              2.43
  BRPF1             4.42           VLDLR             3.17                             
  ATP5G2            4.40           ESRRG             3.16                             
